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Thin metal ﬁlms on polymer substrates are of interest for ﬂexible electronic applications and often utilize a thin interlayer to improve adhesion of
metal ﬁlms on ﬂexible substrates. This work investigates the eﬀect of a 10 nm Cr interlayer on the electro-mechanical properties of 50 nm Au ﬁlms on
polyimide substrates. Ex situ and in situ fragmentation experiments reveal the Cr interlayer causes brittle electro-mechanical behaviour, and thin Au
ﬁlms without an interlayer can support strains up to 15% without signiﬁcantly degrading electrical conductivity.
 2015 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://creativecommons.org/licenses/by/
4.0/).
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metal ﬁlms on compliant polymer substrates, are of great
scientiﬁc and industrial interest [1,2]. The usability of a ﬂex-
ible electronic device rises and falls with the electro-me-
chanical performance of the metal ﬁlm/polymer substrate
couple. Straining metallic conductors to large deformations
while maintaining a low and constant electrical resistance is
one of the main challenges for ﬂexible electronics technolo-
gies [3,4]. “Stretchability,” the ability of a ﬁlm/substrate
system to support large stretching, during use, without fail-
ing mechanically or electrically, is a keyword used to
describe the desired electro-mechanical behaviour of ﬂex-
ible thin ﬁlm systems. In order to get a high stretchability,
a high fracture strain and good adhesion between the metal
ﬁlm and the substrate are required [4]. To achieve high frac-
ture strains methods such as ﬁlm structuring [5] and wrin-
kling [6,7] have been utilized. A common way to improve
the adhesion of the ductile conductive metal layers such
as Au is to use 5–10 nm of brittle Cr, Ti or Ta as adhesion
layers [8,9]. However, it is known that the deformation
behaviour of ductile and brittle thin metal ﬁlms on compli-
ant polymer substrates strongly diﬀers from each other
[8,10]. Brittle metals used as adhesion promoters will frac-
ture at low applied strains (<1%) leading to electrical fail-
ure, while ductile charge carrying ﬁlms (Au, Cu, Ag)
plastically deform at higher applied strains (>3%) without
electrical failure. The ability to combine good adhesionhttp://dx.doi.org/10.1016/j.scriptamat.2015.02.005
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This work utilizes fragmentation testing [11–14] and
in situ 4 point probe resistance measurements (in situ
4PP) [3,5,15,16], both under uniaxial tensile strain, to
determine the eﬀect of a 10 nm Cr adhesion layer on the
electro-mechanical behaviour of 50 nm Au ﬁlms on a
ﬂexible polyimide substrate and to assess the suitability of
these ﬁlm systems for ﬂexible electronic technologies. It will
be shown that the use of brittle adhesion layers, while
possibly promoting adhesion, actually decrease the
electrical performance by inducing the formation of cracks
in the ductile layer.
Ductile 50 nm Au ﬁlms were sputter deposited onto
50 lm thick ﬂexible Kapton polyimide (PI) substrates after
cleaning with isopropyl alcohol. To improve the adhesion
of the Au ﬁlm, a 10 nm Cr layer was deposited before the
Au ﬁlm without breaking vacuum. For Au ﬁlms without
a Cr layer Au was deposited directly onto PI. Sputtering
was performed with a DCMagnetron system and the depo-
sition parameters for the 10 nm Cr layer were a working gas
(Ar) pressure of 1.5  103 Torr at 100 W DC power. Sput-
tering of the Au ﬁlm was performed at a working gas (Ar)
pressure of 7.5  103 Torr at a power of 75 W DC. The
Au ﬁlms had a nanocrystalline microstructure with a grain
size between 20 and 50 nm measured using transmission
electron micrographs [17]. Rectangular samples used for
tensile straining were cut with a scalpel to the dimensions
of 7  35 mm.s.org/licenses/by/4.0/).
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Paar TS600 straining stage. Samples were strained to diﬀer-
ent maximum strains equal to % e = 2, 5, 10, 12 and 15 with
a constant displacement rate of 5 lm/s at room tem-
perature and humidity. The in situ 4PP measurement was
performed with an MTS Tyron250 universal testing
machine following the process of Glushko et al. [15]. Four
samples of each ﬁlm system were strained to a maximum
strain of 15% and unstrained with a constant displacement
rate of 5 lm/s. The contact resistance of the ﬁlm under the
straining grips was determined with the aid of a second 4PP
setup prior to electro-mechanical testing and subtracted
from the measured values in order not to underestimate
the resistance increase during straining [15]. After straining
the sample surfaces were imaged with an atomic force
microscope (AFM) and a scanning electron microscope
(SEM) to quantify the amount of mechanical damage as
a function of strain. Selected strained Au/Cr samples were
etched with aqua regia (3 parts 32% HCl, 1 part 65%
HNO3) to remove the Au ﬁlm in order to compare the
cracking in the Cr layer to the Au ﬁlm.
AFM and SEM images were analysed with GWYD-
DION [18] and ImageJ [19], respectively. The average crack
spacing, k, (distance between through thickness cracks;
TTCs) of each strained sample was measured following
the process reported by Cordill and Marx [20]. Figure 1a
and b shows an AFM height image at 15% strain and the
extracted height proﬁle. With the surface proﬁles TTCs
were identiﬁed (black arrows). A D/h ratio > 10%
(D = deformation or crack depth, h = ﬁlm thickness) [20]
was applied to distinguish between TTCs and ﬁlm necking
(D/h < 10%). For SEM images it was assumed that every
crack visible in the micrograph was a TTC (black arrows,
Fig. 1c). Average values of the crack spacing as well as
the standard deviation were calculated for each sample.Figure 1. (a) AFM height image of Au/Cr after 15% strain and (b)
corresponding surface proﬁle. (c) SEMmicrograph of Au/Cr after 15%
strain. Straining directions are indicated. Black arrows indicate TTCs
and k. (d) Average crack spacing evolution as a function of strain
measured with AFM and SEM. The standard deviation is depicted
with error bars. The estimated saturation spacing is indicated by a
straight line to guide the eye.The Au ﬁlms with the Cr interlayer formed TTCs per-
pendicular to the straining direction under uniaxial tension
(Fig. 1a and c). Cracks were not observed in the Au ﬁlms
without the Cr interlayer within the tested strain regime.
Therefore, a crack spacing analysis was only performed
for Au/Cr ﬁlms. Figure 1d shows the crack spacing evolu-
tion in the Au/Cr ﬁlms as a function of applied strain for
the AFM and SEM analysis. Because of the brittle beha-
viour of the ﬁlm system the two analyses closely follow
one another. Furthermore, the assumptions that every visi-
ble crack in the SEM images is a TTC and the D/h ratio
>10% from the AFM analysis are valid. TTCs form at
low strains (2% strain) and the crack spacing saturation,
indicated by a plateau in Figure 1d, also occurs at low
strains (saturation strain es  4%). When the crack spacing
reaches a plateau with increased strain, no further cracking
of the ﬁlm occurs and cracks only open due to stretching of
the polymer substrate. At this plateau, the saturation crack
spacing can be determined as ks = 4.3 ± 1.4 lm. Interest-
ingly, buckle delamination between the crack fragments
was not observed even after straining 15%. This is an indi-
cation that the Cr adhesion layer could be improving the
adhesion between the metal ﬁlms and polymer substrate,
however, the presence of TTCs would infer that the electri-
cal behaviour of the ﬁlms is severely decreased after
straining.
Figure 2 shows the recorded electrical resistance for the
Au ﬁlms with and without the Cr interlayer, normalized by
the initial resistance, R0, as a function of the relative elon-
gation and the theoretical curve, R/R0 = (L/Lo)
2. This rela-
tion is applicable as long as there are no changes in
resistivity and volume conservation is satisﬁed during the
experiment [15]. However, when a ﬁlm exhibits substantial
structural modiﬁcations such as cracks, the resistance devi-
ates from this theoretical line. What can be clearly observed
in Figure 2 is that the Au ﬁlm follows the theoretical beha-
viour up to the maximum prescribed strain, while the Au/
Cr ﬁlm deviates from the theoretical curve due to TTC for-
mation. Despite crack formation in the Au/Cr ﬁlm, com-
plete electrical failure was not observed at a maximum
strain of 15% (not shown in Fig. 2 for clarity). The maxi-
mum normalized resistance at 15% strain R/R0max wasFigure 2. Experimental normalized resistance R/R0 as a function of
uniaxial elongation for Au ﬁlms with and without a Cr interlayer
plotted with the theoretical resistance assuming volume conservation
and constant resistivity during deformation. Error bars depict
standard deviation of four experiments at representative points.
Figure 4. Comparison of in situ 4PP and ex situ fragmentation tests
for Au/Cr ﬁlms. The deviation from the theoretical electrical curve
(dashed line) correlates with the fracture onset during the fragmenta-
tion test. Inset: scanning laser intensity image of the Au ﬁlm partially
etched away showing cracks in the Cr ﬁlm corresponding to cracks in
the Au ﬁlm (scale bar 20 lm).
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tance. Individual cracks propagate through the thickness of
the metal layer but not over the whole width, leaving
bridges for electrons to ﬂow (Fig. 3a). During unloading
the resistance decreases with the same slope as the crack-
edges become contacted again. The ﬁnal resistance Rend is
about 50% higher than the initial resistance indicating the
presence of cracks. However, the preservation of electrical
conductivity provides evidence of the presence of crack
bridges (Fig. 3a).
In contrast, the Au ﬁlms without the Cr interlayer
showed outstanding electro-mechanical performance. The
relative resistance followed the theoretical curve very
closely, with R/R0 increasing only because of a change in
the sample dimensions during straining with no deviation
indicating fracture of the ﬁlm. The ﬁnal resistance Rend
was approximately the same as the initial resistance.
AFM observations of the sample surfaces before and after
straining 15% conﬁrmed that there was no localized neck-
ing or cracks perpendicular to the straining direction
(Fig. 3b). The features parallel to the straining direction
stem from the deposition process. Compared to Au/Cr
wrinkled ﬁlms on elastomers [6,7] and structured ﬁlms [5],
the stretchability of the 50 nm Au ﬁlms on PI should be
considered to be signiﬁcant. The Au-PI system can with-
stand a large amount of strain without observable deforma-
tion or fracture without the aid of pre-straining before
deposition or ﬁlm structuring. Furthermore, the Au ﬁlm
without the Cr adhesion layer did not delaminate; indicat-
ing that the adhesion of the Au-PI interface is just as
strong, if not stronger than the Cr-PI interface. Similar
electrical results have been observed with wrinkled Au/Cr
ﬁlms and lines on elastomer substrates [6,7]. With wrin-
kling, the system can be strained to macroscopic strains
of 20% without signiﬁcant loss of the electro-mechanical
integrity. The Au-PI system described here achieves similar
strains, but without relying on out of plane deformation to
reach macroscopic in-plane extension. These parallels in the
electro-mechanical behaviour between wrinkled ﬁlms and
non-wrinkled ﬁlms show the long range eﬀect of brittle
adhesion layers on stretchability.
The ex situ fragmentation results correlate well to the
in situ resistance measurements. Figure 4 shows a compar-
ison of the ex situ crack spacing and the in situ electro-me-
chanical data for Au/Cr ﬁlms. The in situ 4PP and ex situ
crack results correspond well and are within the experimen-
tal error. The deviation of the resistance from the theoreti-
cal curve at about ef = 2.5% in the in situ 4PP experiment
occurs after the cracking onset during ex situ fragmentation
testing at 2% strain, suggesting the presence of cracks doesFigure 3. AFM height images of (a) Au with Cr and (b) Au ﬁlms
strained 15%. Straining direction is indicated by the arrows. The
features parallel to the straining direction in (b) stem from deposition
and are not due to straining.not signiﬁcantly alter the electrical behaviour until a certain
crack density has formed and saturated (between 2 and 5%
strain in this case). For ductile Au ﬁlms no deviation of the
resistance from the theoretical curve corresponds to the
absence of crack formation after straining.
The cracks in the Cr adhesion layer correspond directly
to the cracks observed on the surface of the Au ﬁlm, as
shown in the inset of Figure 4. The crack spacing in the
Au ﬁlm is 4.9 ± 0.4 lm and in Cr ﬁlm is 4.8 ± 0.6 lm,
which leads to the conclusion that the Cr ﬁlm causes brittle
fracture of a ductile Au ﬁlm. A similar cracking behaviour
has recently been observed in Cu ﬁlms (50–200 nm) with a
10 nm Cr interlayer [21] where TTC was observed for all
Cu/Cr ﬁlms but not for Cu ﬁlms of the same thicknesses
without the Cr layer. These results were modelled with
ﬁnite elements and found that the cracks form initially in
the Cr layer and act as stress concentrators in the Cu ﬁlm
[21]. For ﬁlms greater than 200 nm the eﬀect could be diﬃ-
cult to observe without examining a large strain range
(>20%), however, the brittle interlayer will still fail ﬁrst as
shown in [8,21].
Ex situ fragmentation testing and in situ 4PP experi-
ments revealed that a 10 nm Cr adhesion layer causes brit-
tle electro-mechanical behaviour of normally ductile 50 nm
Au ﬁlms as shown by the correlation between ex situ and
in situ fragmentation results. In the Au/Cr ﬁlm, cracks
form perpendicular to the straining direction between 2
and 2.5% strain and after initial fracture, crack spacing
saturation occurs at approximately 4% strain. The average
measured saturation crack spacing was ks = 4.3 ± 1.4 lm.
Although the resistance increased eightfold during strain-
ing, complete electrical failure of the Au/Cr ﬁlm system
was not observed at a maximum strain of 15%. However,
the sharp resistance increase after the initial fracture at only
2.5% strain is unacceptable for electric conductors in ﬂex-
ible devices and the system was considered “failed” in terms
of suitability for ﬂexible electronic applications. In con-
trast, the 50 nm Au ﬁlms without the Cr adhesion layer
showed very ductile behaviour under uniaxial tension and
outstanding electro-mechanical performance. No evidence
26 B. Putz et al. / Scripta Materialia 102 (2015) 23–26of ﬁlm cracking or localized deformation that may be
linked to delamination or necking was observed up to a
maximum strain of 15%. The results of the experiments pre-
sented here indicate that adhesion layers may not be neces-
sary to improve the adhesion of ductile ﬁlms to all
polymers. Rather, the deposition method and resulting ﬁlm
and interface structure may be the dominant parameters
controlling stretchability of metal-polymer systems.
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